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A C C E P T E D M A N U S C R I P T
4 hemispheres of the brain is mainly transmitted through the corpus callosum and subcortical pathways (Asadi-Pooya et al., 2008; Graham et al., 2016; Johnston et al., 2008) . Therefore, severing these major corticocortical connections between the two hemispheres would dramatically reduce seizures. Over the years, numerous studies in humans have proved the potential advantageous effects of this procedure (Granata et al., 2014; Limbrick et al., 2009; Marras et al., 2010; Roland et al., 2017; Thomas et al., 2012) .
However, postoperative observations have showed that long-term rates of postoperative seizure freedom are in the range of 43 -90% after hemispheric disconnection surgery (Kiehna et al., 2016; Limbrick et al., 2009; Villemure et al., 2000) . Diverse hemispherotomy surgery outcomes might indicate that the neural mechanism underlying brain reorganization after this surgery is not completely understood. The explanation for the clinical phenomenon after hemispherotomy in these previous studies was mainly based on the anatomic pattern plasticity by severing the interhemispheric fiber bundle, such as the corpus callosum and subcortical pathways (Jung et al., 2014; Kiehna et al., 2016) . To understand the neural mechanism underlying this type of epilepsy and the diverse surgery outcomes, multimodal imaging methods would be necessary to give a relatively complete view on this topic. A single modality method may only partially detect the potentially important variation underlying the brain. Multimodal imaging methods can provide unprecedented opportunities to further deepen our understandin g of the cross-information of the existing data and reveal the neural mechanism of the brain (Biessmann et al., 2011) . Such approaches can provide a wealth of information, enabling researchers to more confidently draw conclusions. In the present stage of research, multimodal neuroimaging has become a mainstay of neuroscience in human s (Liu et al., 2016; Uludag and Roebroeck, 2014) . Furthermore, predictors of
5 hemispherotomy outcomes are still unclear. Therefore, it is valuable to investigate the brain functional and structural network changes before and after this surgery. Brain functional and structural imaging data integration can yield further insights into brain reorganization processes after hemispherotomy.
To explore these issues, we research the brain connectivity patterns by magnetic resonance imaging (MRI) in two children with medically refractory epilepsy both before and after hemispherotomy surgery. A longitudinal and multimodal neuroimaging method, combining diffusion tensor imaging (DTI) and resting-state functional MRI, were used in the present study to evaluate brain structural and functional changes. DTI is an advanced MRI technique as it is non-invasive, and it can be used to map white matter pathways (Basser and Jones, 2002; Xue et al., 2014) .
Functional connectivity (FC) of resting-state functional MRI is a method to calculate the correlation or synchronization between the time courses of activation of two regions. FC analyses have been used to examine brain connectivity changes before and after treatment in a variety of disorders, such as stroke (Li et al., 2016; van Hees et al., 2014) and epilepsy Pizoli et al., 2011; Roland et al., 2017; . Longitudinal changes in the FC of these studies have suggested that the FC method may be useful in examining the neural mechanism underlying brain recovery.
The novelty in this study is the combination of fMRI and DTI to examine the longitudinal brain connectivity responsible for hemispherotomy in children with medically intractable epilepsy. The longitudinal brain connectivity is responsible for hemispherotomy but it should be the other way around. The surgery will lead to n europlasticity, either adaptive or maladaptive. Our main attention was focused on two epilepsy related local networks: the executive control system (ECS) network and default mode network (DMN). The reason for selecting
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A C C E P T E D M A N U S C R I P T 6 these two networks is they play critical roles in maintaining the brain's integrity and effective dealing with motor functions (Pizoli et al., 2011) .
Previous neuroimaging studies have demonstrated that resting-state FC and regional brain integrity in DMN were affected in the children with epilepsy (Fong et al., 2013; Li et al., 2017; Wang et al., 2017) . Various surgery outcomes, such as seizure freedom and recurrence, were all considered in the present study. Based on the previous data, we hypothesized that different changes in brain connevtivity of the two patients may be apparent following hemispherotomy surgery.
Materials and Methods

Subjects
Two patients (one male, age 81 months, epilepsy onset time: 6 months; the other female, age 7 months, epilepsy onset time: 3 months ) with infantile spasms (IS) were recruited from Shenzhen Children's Hospital, Guangdong, China. The male patient was diagnosed with cerebromalacia in the left hemisphere, which was caused by ischemia injury in part of the middle and superior temporal, precentral, postcentral and inferior frontal gyrus of this hemisphere. 
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A C C E P T E D M A N U S C R I P T 7 treatment was found in both patients. Therefore, surgical treatment with peri-insular hemispherotomy was performed on both patients. A complete section of the corpus callosum was performed at the level of the dome of the ventricle and the amygdalo -hippocampal structures were disconnected within the temporal horn. There were no complications.
Patients were followed up with continuation of antiepileptic drugs.
Longitudinal clinical phenomena were recorded for at least 12 months for both patients to judge the surgery curative effect. The boy was seizurefree, and intelligence and motor function markedly improved after the surgical intervention (Engel I). However, for the girl, complete cessation of seizures persisted only 4 months after surgery, and seizure was relapsed later (Engel III). Because of patients were in different age stages, we enrolled two control groups to match the patients: typicaldeveloping children group (C1: 10 people, 2 females, mean age = 81.9± 9.9 months), typical-developing infants group (C2: 9 people, 3 females, mean age = 10.3±1.3 months). Both control groups consisted of 19 typical-developing volunteers with no history of neurological or psychiatric disorders.
All participants were scanned using rs-fMRI at the time of recruitment. Postoperative MRI images were also collected at two time points for both patients: the boy, 21 days and 115 days after surgery; the girl, 22 days and 221 days after surgery. All participants under the age of four were sedated with 10% chloral hydrate during the MRI scanning. 
A C C E P T E D M A N U S C R I P T 
Image Acquisition
Imaging data were collected using an eight-channel head coil with a were acquired. To enhance the signal-to-noise ratio, imaging was repeated three times. the anatomical images of all typical-developing subjects in C1 were used to create template 1. The anatomical images of all typical-developing subjects in C2 were used to create template 2. The co-registered functional images of the boy patients and all subjects in the C1 group were normalized into MNI using template 1. Similarly, the co-registered functional images of the girl patients and all subjects in the C2 group were normalized into MNI using template 2. A temporal filter (0.01-0.08
Imaging Processing and Statistical Analysis
Hz) was then applied to reduce the effect of very low fr equency and high frequency physiological noise. Nuisance regression was performed using white matter, cerebrospinal fluid, and the six head motion parameters as covariates to reduced spurious variance. No participant had head motion with more than 2.0 mm maximum displacement or 2.0° of any angular motion. FC maps were obtained using the voxel wise approach by computing the FC between the region of interest (ROI) and each voxel within the brain. We defined sixteen 10-mm-diameter spherical ROIs according to Pizoli et al. (2011) and Fox et al. (2005) : ECS network and DMN ( Table   2) Fisher's z-transform. Network models of connectivity were analyzed within the control group using a single sample t-test threshold at FDRcorrected p<0.01. Age and gender were used as covariates of no interest
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in this statistical analysis process. Generated correlation maps both before and after transection surgery of the corpus callosum in both patients were listed and compared with the normal network models of the controls.
And also, to further confirm our ROI-based FC results, we used a technique called voxel-mirrored homotopic connectivity (VMHC) to calculate the functional connectivity between symmet ric interhemispheric voxels (Zuo et al., 2010) . For each subject, Pearson correlation coefficient was calculated between each voxel's residual time series and that of its mirrored interhemispheric voxel. The coefficients were Fisher z-transformed and the VMHC maps were generated.
Diffusion tensor imaging analysis
The DTI data were analyzed using the FMRIB Software Library (University of Oxford, FSL v5.0.8, www.fmrib.ox.ac.uk/fsl). Standard processing steps were used. First, eddy currents and head motion correction were performed using affine registration to the imaging without diffusion weighting. The data were subsequently skull-stripped by using the FMRIB Brain Extraction Tool (BET v2.1). Subsequently, the FMRIB Diffusion Toolbox (FDT v3.0) was used to fit the diffusion tensor.
To assess the pattern of structural connections of selected ROIs, fiber tracking was carried out using a probabilistic tractography algorithm implemented in FSL (Probtrackx) and based on the Bayesian estimation of diffusion parameters (Bedpostx) (Behrens et al., 2007) .
Briefly, bedpostx runs Markov Chain Monte Carlo sampling to build up distributions on principal diffusion directions at each brain voxel, which allows modeling of crossing fibers. Probtracx then repetitively sampled from the distributions of the voxel-wise principal diffusion directions, each time computing a streamline through these local samples to generate a probabilistic streamline or a sample from the distribution at the location of the true streamline. By taking many such samples, the ACCEPTED MANUSCRIPT
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12 posterior distribution on the streamline location or the connectivity distribution was determined. All brain voxels had a value representing the connectivity value between that voxel and the seed voxel . Fiber tracking was initiated from all voxels within the seed mask in the diffusion space to generate 5000 streamline samples, with a step length of 0.5 mm, a curvature threshold of 0.2, and a maximum of 2000 steps.
The selected sixteen 10-mm-diameter spherical ROIs were also used here for tractography. The ROIs were linearly transformed into the native space of each subject, where the probtrackx analysis was performed.
Then, a connectivity distribution was generated for each ROI.
After all tracts were calculated for each subject, the tracking results were thresholded to include only those voxels receiving at least 500 streamlines passing in a voxel. The purpose of the threshold setting was to reject low-probability voxels and reduce outlier-induced noise. The selected pathways of each ROI were transformed to the MNI 152 brain standard space to generate individual probabilistic maps for this ROI.
For both patients, the thresholded and transformed probabilistic maps of each ROI represented the pattern of structural connections . For both control groups, the transformed individual probabilistic maps of each ROI were binarized, and then overlaid to produce population probability maps for each pathway reflecting the proportion of the population. The produced population probability maps of both control groups were thresholded to include only the tract presenting more than 3 individuals of each control group. The thresholded control group's probability maps represented the normal pattern of structural connection of each ROI.
Results
Seed-based FC analyses
Functional networks correlating with each of the seed ROIs are shown in Fig. 1 and Fig. 2 . In both control groups, correlation maps ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
13 corresponding to all seed regions showed strong bilateral and recognizable resting state network architecture. In the two patients, the preoperative correlation maps corresponding to most seed regions were indeed present bilaterally. However, the connectivity patterns of the two patients differed dramatically from the controls. Their resting-state network architectures were reorganized with a widely scattered distribution of network connections with the seed nodes.
Postoperatively, the functional correlation results showed a different pattern between the two patients. For the boy patient with complet e seizure remission, all correlation maps showed a loss of interhemispheric FC after surgery as expection. Intrahemispheric anterior-posterior connectivity correlations in the healthy hemisphere increased over time.
At the second time point after surgery, a restoration of some FC pathways of the seeds within the ECS and DMN was found in this patient with complete seizure remission. The FC architectures of this patient showed a tend similar to that of the control group. 
Discussion
The present study used a longitudinal and multimodal neuroimaging method to explore the alterations of brain functional and structural networks in children with medically intractable epilepsy during the resting state. First, both patients' brain functional and structural network patterns were changed compared with the control group before surgery.
Second, the trajectories of brain plasticity with hemispherotomy in both patients were different. The patient with seizure freedom after surgery showed a loss of interhemispheric correlation s and increased intrahemispheric correlations in the healthy hemisphere. The patient with seizure recurrence after surgery showed a preserved interhemispheric connectivity. VMHC results were consistented with our ROI-based FC
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19 results. All of these results were consistent with our hypotheses and provided relatively more information of hemispherotomy effects in brain plasticity of children.
Neuroimaging technology in the study of children with intractable epilepsy
In the present study, our research subjects were children with medically intractable epilepsy. They were IS, a subtype of epilepsy with nodding spasm clusters and a pathognomonic EEG pattern of hypsarrhythmia (Pellock et al., 2010; Wang et al., 2017) . Functional and structural connectivity analyses in the present study showed that both patients' ECS and DMN connectivity patterns were changed compared with the control groups. These results were consistent with our previous studies in that IS children showed significant changes in brain functional connectivity and regional homogeneity values in the DMN, hippocampus, caudate, thalamus and insula regions (Tan et al., 2016; Wang et al., 2017) .
The locations of the regions showed significant differences between groups were similar in these studies, which might indicate that epileptic seizure actions have some negative effects on children's motor, executive and cognitive functions (Fong et al., 2013; Pellock et al., 2010; . In the present study, the longitudinal changes of brain connectivity pattern of DMN and ECS can gave us more information on the seizure effects on children's brain development. The present changed connectivity pattern results can also be supported by a previous EEG study of brain signal changes in IS. EEG signals in children with IS had marked abnormalities in coherence and spectral power compared with the normal group (Burroughs et al., 2014) . Combining these previous studies and our results, we can see that IS seizures can induce changes in children's brain connectivity and integration in some loc al regions.
Effects of hemispherotomy on brain connectivity in the case of
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seizure freedom
Complete seizure remission is the goal of clinical treatment.
Numerous studies have shown that disconnection procedures , such as corpus callosotomy and hemispherotomy, are cornerstones of surgical management of medically intractable epilepsy in children (Iwasaki et al., 2012; Marras et al., 2010; Sood et al., 2015; Thomas et al., 2012) . For the hemispherotomy procedure used in our present study, outcomes were dependent on achieving a complete disconnection between the two hemispheres. As we expected, the patient with seizure freedom showed a loss of interhemispheric correlations and increased intrahemispheric correlations in the unaffected hemisphere. These changes were found in both functional and structural connectivity analyses. Severing of major corticocortical connections between the hemispheres may block the epilepsy activity spreading from the affected hemisphere to the normal hemisphere (Iwasaki et al., 2012; Johnston et al., 2008; Pizoli et al., 2011) .
So completely loss of interhemispheric fiber connections might induce a seizure freedom of the boy patient in the present study. Similar functional and structural connectivity results of this patients may based on a central assumption of systems neuroscience that the structure of the brain can predict and/or is related to FC (May, 2011; Sui et al., 2014) . Our FC analyses of all ROIs also showed a complete loss of interhemis pheric connections in this patient. This may suggest that alterations in neuronal functioning are directly related to alterations in structure (Schultz et al., 2012) .
Increased intrahemispheric correlation s in the unaffected hemisphere were another important result. The explanation for this is the feature of brain plasticity. Evidence from neuroplasticity studies suggested that novel experience, environmental changes, brain-damage and surgery could cause functional and structural reorganization of the brain (Herbet et al., 2016; Ibrahim et al., 2015; May, 2011) . With hemispherotomy surgery
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21 intervention, a dramatic loss of interhemispheric neural pathways was found in the present study. Therefore, the brain must reallocate the remaining physiological resources to maintain a satisfactory level of function in cognitive and social activity. This highly adaptive process exemplifies that the human brain showed a plasticity as a consequence of surgery (Herbet et al., 2016; Rudrauf, 2014) . In clinical practice, the aim of the surgery for children with medically intractable epilepsy is to prevent cognitive decline and improve behavioral function (Marras et al., 2010) . Our previous longitudinal neuroimaging study ha s shown that brain surgery can induce alterations in spontaneous brain activity and functional network reorganization in children with medically intractable epilepsy . A previous longitudinal study of human brain development has demonstrated that s ynchronicity is present between structural and functional changes during childhood and adolescence (Casey et al., 2005) .
Therefore, the reorganization of the brain network pattern in the healthy hemisphere might be caused by the combination of surgery and brain development. In the present study, the FC pattern in this patient showed a tendency similar to the pattern of control group with time passing in some ROIs, such as the right precuneus, inferior temporal, anterior angular and thalamus. All of these regions have an important role in advanced cognition, i.e., attention and executive control processing. Previous studies on children with epilepsy have demonstrated that the function of these regions might be affected by epilepsy seizure (Tan et al., 2016; Yang et al., 2014) . After surgery, recovery of FC in these regions might imply that patient's attention and executive control functions were improved after surgery. The neuroimaging expression is that relevant functional pathways were recovery to some extent. The surgery was successful.
Another explanation for complete seizure remission after hemidisconnection surgery in this patient might be that the synchrony of 
Effects of hemispherotomy on brain connectivity in the case of seizure recurrence
Although most patients who receive a hemispherotomy can achieve total control of epileptic seizures, seizure recurrence is still present in some patients (Kiehna et al., 2016; Limbrick et al., 2009 ). For this type of patients, the mechanism of seizure recurrence and the new microstructural environment changes after hemispherotomy need to be elucidated. In the present study, we also assessed this type of patient. The child with seizure recurrence showed the presence of interhemispheric functional and structural connectivity for some ROIs. These multimodal connecting results confirmed that residual fiber connections were still present in this patient after surgery. The seizure activity spreading pathway from a focus in one hemisphere to the contralateral hemisphere was not blocked.
Subcortical interhemisphere pathways may suffice to transfer seizure signal and cognitive information (Uddin et al., 2008) . Our connectivity results are consistent with the claim that residual interhemispheric pathways operate in seizure recurrence after hemispherotomy.
For this patient with seizure recurrence, interhemisphere connections
of some ROIs were still present after surgery. For example, the structural connectivities from the left anterior insula, left thalamus and left angular to the contralateral hemisphere were presented during the recovery process.
FC of these ROIs also showed an appearance of interhemispheric FC correlations after surgery. The reason for the interhemispheric connectivity appearing in these ROIs but not the other might be that these regions play an important role in the seizure signal spreading. Previous studies have shown that epileptic seizure actions have some effects on the brain activity of insula, thalamus and angular (Tan et al., 2016; . Numerous studies have indicated that the thalamus plays an important role in the generalization of epileptic seizures (Moeller et al., 2011; Norden and Blumenfeld, 2002; Zhong et al., 2011) . Abnormal cortical-subcortical electrical discharges were transferred through the thalamus to generate epileptic spasms motor activity and cognitive impaired. Study for intractable lateralized epilepsy have also found an enhanced thalamocortical connectivity following functional hemispherotomy (Ibrahim et al., 2015) . So the regions, such as insula, thalamus, angular and the residual interhemispheric regions, would form a pathway for seizure spreading. The influential sphere of seizure activity was spreaded through the residual interhemispheric pathways. As a result, this patient showed a recurrent epilepsy after surgery. Whole brain WMHC analysis results found that interhemispheric connections of this patient were still present even after surgery. The VMHC value is high in the bilateral thalamus and postcentral gyrus. This may indicate that information exchange and synchronization were present between these regions. Previous clinical studies have shown that recurrence of seizures can develop following surgery in some patients (Jung et al., 2014; Limbrick et al., 2009 ). The conculsion of the studies indicated that reorganization of some transected white matter tracts may relate to seizure recurrence. Our neuroimaging results were consistent ed with these ACCEPTED MANUSCRIPT
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previous studies and indicated that residual interhemisphere pathways play an important role in spreading seizure activity to the healthy hemisphere.
This observation gave us a solution of clinical treatment to achieve total control of epileptic seizures in patients with recurrent intractable epilepsy (Kiehna et al., 2016) . We can use the combination of fMRI and DTI as a 
Limitations
The present study has several limitations. First , our data represent the longitudinal brain connectivity changes after surgery in two children with medically intractable epilepsy. Future investigations with larger sample sizes are required to replicate the conclusion, thus requiring the experience of researchers and clinicians to continue work with the participant and their family. Additionally, the ages and genders of the two patients were different. This may lessen the connectivity results' comparability between the two patients . Third, the use of antiepileptic drug after the surgery may be another limition of present study. Using antiepileptic drug would be affected the neuroimaging analyses results.
Fourth, simultaneous EEG testing during the MRI scanning was not collected. Although we have collected patients' EEG data to estimate their epilepsy styles and seizure outcomes after surgery, the EEG data were not collected during the MRI scanning. Therefore, the connectivity results could not be completely rule d out as confounding epilepsy discharges during the image scanning. Finally, the sedatives were used in some subjects during the scanning but not in others. It has been recognized that MRI scanning in infants using chloral hydrate sedation showed a relatively low risk of significant adverse effects (Finnemore et al., 2014) . Although sedatives are safe and frequently used in infants for fMRI study, previous stud y on infants has shown that sedation can induce brain activity reduction (Williams et al., 2015) . We realized that this factor might affect our final results. Future studies should consider and control for this factor to improve the reliability of the results.
Conclusions
This study used a multimodal neuroimaging method to study the Informed consent was obtained from all individual participants included in the study. 
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A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T 36 1. The child with seizure freedom showed a loss of interhemispheric correlation and increased intrahemispheric correlation in the unaffected hemisphere; 2. The child with seizure recurrence showed a preserved interhemispheric functional and structural correlation; 3. Loss of interhemispheric correlations with increased intrahemispheric correlations of brain connections can be considered as a neural marker for evaluating the success of hemisphero tom.
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